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ABSTRACT

Plumes have been detected beyond the field of view of coronagraphs in the range of
23-42 R. in an equatoria corona hole by Ulysses radio ranging measurements conducted
in 1991 at 13 and 3.6 cm wavelengths. Exploiting the ranging mecasurement features of
high sensitivity, wide dynamic range, high precision, high stability, and long duration, the
plumes have been identified by the similarity in their path-integrated density profiles with
those of polar plumes observed in white-light measurements of the inner corona. 1.ike the
polar plumes, the low-latitude plumes are consistent with radial expansion, and show a
variation in path-integrated density of 1 0%. These results show that plumes arc not
exclusive to polar regions, but appear to be intrinsic to open magnetic field regions at any

|atitude.




1, INTRODUCTION

First captured on film during solar eclipses as early as a century ago [see for instance
photograph by T.W.Smillic in Abbot (1900)], polar plumes have been the subject of
considerable study (van de Hulst 1950; Saito 1965; Newkirk & Harvey 1968). Especially
prevalent during the low activity portion of the solar cycle, polar plumes appear as faint but
striking rays in polar corona holes, presumably tracing the coronal magnetic fields. In
addition to white-light (Koutchmy 1977; Koutchmy et a. 1994; Fisher & Guhuthakurta
1995), polar plumes have also been observed in soft X-ray (Ahmad and Webb 1978) and
EUV (Bohlin, Sheeley, & Tousey 1974; Ahmad & Withbroe 1977; Widing & Feldman
1992; Walker et al. 1993) images. As one of the few observed features in coronal holes,
plumes may very well have important implications for heating processes in the source
region of the solar wind (Habbal 1992; Wang 1994; Velli, Habbal & Esser 1994; Habbal et
a. 1995).

The emerging picture of a highly structured corona (Woo 1996a) — with a wide range
of raylike structures starting with large-scale sizes such as streamers and extending down to
sizes as small as1 km at the Sun —- has spurred further exploration of these structures
using radio propagation measurements. Carried out with natural or artificial radio sources
passing behind the Sun as viewed from Earth, radio propagation measurements bridge the
gap between solar observations and in situ plasma measurements made by spacecraft
beyond 0.3 AU. Of the diverse radio propagation measurements, ranging and white-light
arc the most alike, since both observe path-integrated density off the limb of the Sun, and
considerable progress has been made in understanding how these measurements
complement each other (Waoo et a. 1995a; Woo 1 996b). In this paper, large- and small-
scale structures refer to the relative sizes as observed by radio propagation rather than
white-light measurements. Although earlier investigations of the corona based on ranging
measurements with spacecraft radio signals concentrated on the dominant radial variation of

path-integrated electron density (Bird and Edenhofer 1990), recent work has demonstrated




that ranging measurements also contain information on the variation across the structured
corona (Woo ct a. 1995; Woo 1996¢). Since the density variation across smaller
structures represents only a small percentage of that across the large-scale structures,
prominent features such as streamers readily appear in measurements that observe path-
integrated density (ranging), while small-scale structure only in measurements that detect
changes in path-integrated density (scattering and scintillation) (Woo 1996b). For the same
reason, streamers and plumes dominate the images of white-light measurements of
polarized brightness, with smaller structures becoming more discernible when the images
have been processed to enhance density gradients (Koutchmy 1977; Guhathakurta and
Fisher 1995; Woo et a. 1995; Woo 1996b). Thus, it might be expected that plumes would
aso be detected in ranging measurements.

In this paper, we present the first evidence for plumes in ranging measurements. The
detection of plumes in the outer corona by ranging measurements complements the imaging
measurements of white-light by providing evidence not only for the extension of plumes
beyond the field of view of coronagraphs, but also their existence in low-latitude coronal
holes. This paper is organized as follows. The Ulysses ranging measurements arc
described in Section 2. The identification of plumes is discussed in Section 3, and

conclusions are presented in Section 4.

2. ULYSSES RANGING MEASUREMENTS

The S- and X-band (13 and 3.6 cm wavelengths) ranging or time delay measurements,
which observe path-integrated electron density (Bird and Edenhofer 1990) and arc analyzed
here, were carried out during the 1991 solar conjunction of Ulysses, and belong to the
same group of radio propagation measurements that have been used in earlier investigations
of electron density (Bird et a. 1994), fractional density variations (Woo et a. 1995b), and
fine-scale filamentary structure in coronal st earners (Woo et a. 1995a). Source surface

magnetic field maps (Hoeksema and Scherrer 1986) have played a key role in



understanding the coronal results deduced from these measurements, but in this paper wc

will compare the ranging measurements With the more relevant white-light measurements
(Woo 1996c¢). Fortunately, white-light measurements were available from the HA() Mauna
Loa Solar Observatory Mk 111 K-coronameter (Sime et a., 1990) at the time of the Ulysses
measurements.

Shown in Fig. 1arc the K-coronameter Synoptic maps (courtesy of J. Burkepile at
HAO) based on polarized brightness pB measurements on the west limb at heights of 1.36
Ro and 1.74 R. for Barrington rotations 1845 and 1846. During this time, Ulysses
ranging measurements took place simultaneously off the west limb, but at higher altitudes.
The black dots on the K-coronameter maps represent the closest approach points of the
Ulysses radio path mapped back to the Sun during the period of DOY 241-249. The
corresponding time series of the Ulysses ranging measurements of time delay sampled once
every 10 reinsis displayed in Fig. 2ain reverse time order for the convenience of
comparison with the K-coronameter maps. The majority of the contribution to path-
integrated density observed by ranging measurements comes from that portion of the
raypath that is subtended by an angle of approximately 60° about the point of closest
approach point as measured from Sun center. The white-light measurements in Fig. 1
show that the Ulysses radio measurements probed an equatorial coronal hole located in a
region of low solar activity during the period of DOY 241-248. Corresponding radia
distances arc marked at the top of Fig. 2a showing that the measurements took place in the
range of 23-42 R..

We have multiplied the ranging measurements by (1AIJR) 142, where R is
heliocentric distance in AU, in order to remove the radial dependence, and displayed the
results in Fig. 2b. Normalization to 1 AU is for the convenience of comparing
measurements at different radial distances, and is not meant to imply that the ranging
measurements can be extrapolated to 1 AU. The remaining background density has been

removed with a quadratic fit, and the results are shown in Fig. 2c. Although the removed



R-142 radia dependence is that determined from the Ulysses measurements off the west
limb of the Sun by Bird etal. (1994), the results in Fig. 2c do not depend much on the
actual radial dependence used.

The ranging system has a point-to-point variation in time delay of lessthan 1 ns and a
day-to-day variation of less than about 3-4 ns (private communication J.R. Smith). Thus,
athough there are gaps in the data, the variation in path-integrated density in Fig. 2aisred,
and the systematic variation is suggestive of plume structures, for which six have been
identified and labeled, Although the profiles of these structures look similar to those of
coronal streamers, they are not only fainter but are distinguished by the fact that, unlike the
case of coronal streamers, the associated small-scale structure is conspicuously smaller, i.e.
An/nissmal (Woo et a. 1995b). Supporting evidence for plume structures is provided by
comparing these ranging results with white-light coronagraph measurements of polar
plumes made by Spartan 201-01 (Fisher and Guhathakurta 1995), and this is discussed in

the next section.
3. PLLUMLES

Like in situ plasma measurements, ranging cannot unambiguously distinguish spatial
and temporal variations. The mgjor advantage of white-light images is that they clearly
show the approximately radially expanding plumes, and provide information on the radial
and latitudinal variations of path-integrated density. Although longitudinal variations
cannot be observed with eclipse measurements, they can with a coronagraph using a
sequence of images as the Sun rotates. However, since the sampling rate of these images
is often low, the spatial resolution is generally rc latively coarse.

The ranging results in Figs. 2b and 2¢ canbe compared with Figs. 2a and 2b of Fisher
and Guhathakurta (1995) showing the latitudina profiles at fixed heights in the corona of
polarized brightness pB and polarized brightness minustit observed by the Spartan white-

light coronagraph at 2 R. in the north polar corona hole. W hereas the Spartan




measurements represent latitudinal profiles of path-integrated density across polar coronal
plumes imaged at the same time -— and hence variations in a direction approximately
transverse to the plumes — the ranging measurcments represent longitudinal profiles of
path-integrated density obtained as the quasi-stationary plumes rotate across and in a
direction paralel to the radio path. In spite of these differences, the ranging profilesin
Figs. 2b and 2¢ bear striking resemblance to the white-light profiles in Figs. 2a and 2b of
Fisher and Guhathakurta (1995), respectively.

The six identified plumes in Fig. 2c occur over a period of about 6.5 clays. For a
27-day solar rotation period, this corresponds to 6 plumes over an angular range of 87°, a
frequency that is similar to the six plumes observed over 80° in the Spartan white-light
measurements over the north polar corona hole. As in the case of white-light
measurements, the variation in path-integrated density in the ranging measurements across
the plumes amounts to about £10% of the ambient value of the corona hole. This
similarity in contrast — despite the large differences in corona heights at which the ranging
and white-light measurements took place —- is consistent with the fact that in the inner
corona the radial dependencies of both dense structures and ambient corona hole based on
observation (Fisher and Guhathakurta 1995) and modeling (Habbal et al. 1995) are similar.
Comparison of the widths of the rays deduced from ranging measurements with those from
the Spartan white-light measurements will be ambiguous because of differencesin
observation geometry. Nevertheless, for the three better observed plumes in Fig. 2c
(plumes 3,4 and 6), the full widths at half maximum arc a couple of degrees, consistent
with those of polar plumes in the plane of the sky deduced from the Spartan measurements,
and consistent with the notion that plumes are approximately radially expanding. The
similarity in latitudinal (white-light) and longitudinal (ranging) profiles of plumes across a

coronal hole also supports the fact that the plumes are dissociated with the intergranular

network since the network is circularly symmetric.




Because plumes are faint and low-contrast structures, high sensitivity, wide dynamic
range, high precision and high stability arc mcasurement features that are necessary for
detecting them. in this regard, ranging mecasurements, which were developed for the
precise navigation of planetary spacecraft, are superior to white-]Jight measurements. While
the detection of plumes inlow-latitude coronal holes has been possible with ranging
measurements because the measurement uncertaintics arc significantly smaller than the
variations across the plume structures as evident in Fig. 2, this has not been the case with
white-light measurements (Guhathakurta and Fisher, 1995).

Multiple-station intensity scintillation measurements — also carried out with radio
sources as they pass behind the corona, and known as IPS for interplanetary scintillation
- complement the path-integrated mecasuremients of densit y by providing estimates of solar
wind velocity (Dennison and Hewish 1967; Coles 1993). IPS measurements can yicld
some information on the variation of solar wind velocity across the plumes. Unfortunately,
unlike path-integrated density, there are no velocity imaging measurements to
unambiguously show spatial structure in the corona. Moreover, the solar wind velocity
estimates deduced from 1PS measurements are not as easy to inferpret as path-integrated
density measurements. First, the velocity measurements are deduced estimates that are
dependent on the distribution of solar wind velocity along the raypath — and hence solar
wind models. Second, the temporal resolution of 1PS measurements is limited by the
minimum observation time needed to obtain accurate est i mates of velocit y, leading to a
spatial resolution for rotating coronal structures that is generatly significantly coarser than
that of ranging or Doppler measurements. ‘1’'bird, unlike ranging measurements made with
the NASA Deep Space Network (DSN), continuous IPS measurements are precluded by
the absence of a worldwide network of IPS observatories, thus making it difficult to
observe large-scale structures such as low-latitude plumes. In spite of these disadvantages,
velocity estimates deduced from IPS measurements inside 12 R. using the VLA in1983

(Armstrong et al. 1986), and obtained in a low-latitude coronal hole over an interval of



about 8 hours (corresponding to an angular extent in longitude of 4.40), show an apparent
systematic variation in solar wind speed [see Fig. 2 of Woo ( 1995)], Although the
absolute wind speed estimates are dependent on modeling (Grall 1996), the relative
changes arc less dependent, and the +10% variation could represent the variation across a

coronal plume.

4. DISCUSSION AND CONCLUSIONS

The search for plumes in ranging measurements is an outgrowth of the advances in our
knowledge of structures in the corona, and progress in our understanding of ranging
measurements and their relationship to white-light measurements, Although ranging
measurements observe only one point of the white-light images, the extent to which these
two types of measurements complement each other is significant. White-light images play
acrucid rolein identifying spatial structures, While white-light images provide latitudinal
profiles, ranging provides longitudinal profiles of path-integrated density. The high
sampling rates available with ranging or Doppler measurements make it possible to
investigate structures that are much finer than those observed in white-light (Woo et al.
1995a). However, large-scale structures such as plumes require observations that are
continuous or near-continuous for many days, which is oniy possible with a worldwide
tracking network like the NASA DSN. Since ranging and Doppler measurements in the
past have generally been of short duration, small-scale structures were the first to be
recognized, and only now have plumes been identified. This is the opposite of the Situation
with white-light measurements, where large-scale structures such as plumes were first
revealed, and smaller structures only revealed when spatial resolution improved.

Fortuitoudy, the extended Ulysses ranging measurements of the equatorial region took
place at atime in the solar cycle when the warp of the heliospheric current sheet was large
enough that a major equatorial coronal hole had formed. The high sensitivity, wide

dynamic range, high stability, high precision, and long duration features of ranging




measurements have made it possible to detect plumes in this coronal hole, while the
similarity between the longitudinal profile obtained from the Ulysses ranging measurements
and the latitudina profile from the Spartan white-light measurements across polar plumes
has made it possible to identify them,

The results of this paper, together with UV measurements of the inner corona (Wang
et a. 1995), indicate that plumes arc not exclusive to polar regions, but appear to be
intrinsic to open magnetic ficld regions at any latitude. 1.ike white-light measurements of
polar plumes in the inner corona, ranging measurements show a variation in path-integrated
density of £10% across the plumes, and are consistent with the notion that the plumes are
approximately radialy expanding. Measurements of solar wind speed deduced from IPS
measurements over a low-latitude coronal hole suggest that the solar wind speed inside
12 Rgmay vary by +1 O% across the plumes.

The detection of plumes at low latitudes reinforces the picture of a corona that is
pervaded by raylike structures having a wide range of scale sizes, and further demonstrates
the unique role of radio propagation measurements in characterizing the plasma properties
— electron density, solar wind velocity, and magnetic field — of the structures in aregion
that has not been accessible to direct measurements. This region is also important because,
unlike beyond 0.3 AU where only vestiges arc observed (Thieme et al. 1990; McComas et
al. 1995), the structures arc more pristine and less evolved near the Sun. The ubiquity of
coronal structures and the experience with radio propagation measurements also point to the
value of imaging the corona when in situ plasma measurements will finally be made by a
mission to the Sun such as Solar Probe (Feldman et a. 1989). Such imaging is crucia not
only for a definitive understanding of the role of the structures in coronal heating and
acceleration of the solar wind, but also for placing the in situ plasma measurements into

context.
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LIST OF FIGURES

Fig.1 HAO Maunal.oa Solar Observatory Mk 111 K-coronameter Synoptic maps (courtesy
of J. Burkepile) based on polarized brightness pB measurements on the west limb at
heights of 1.36 R. and 1.74 Ro. The black dots on the maps, which represent the closest
approach points of the Ulysses radio measurements in Fig. 2 mapped back to the Sun,

indicate that during the period of DOY 24 1-249 Ulysses probed an equatoria hole.

Fig. 2 Time series of (a) time delay At sampled once every 10 reins. by Ulysses ranging
measurements, (b) normalized time delay with radial dependence removed from (a) by
multiplying by ( 1 AU/R--I 42, and (c) normalized time delay in (b) with quadratic fit
removed. The time series in (b) and (c) arc similar to those of polar coronal plumes from
the Spartan white-light pictures and shown in Figs. 2a and 2b of Fisher and Guhathakurta
(1995), respectively.
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